Enhancing light-matter interactions is essential to improving nanophotonic and optoelectronic device performance. In the present work, we developed a new design for 3D plasmonic nanostructures with enhanced near-field interactions among the plasmonic nanomaterials. The 3D plasmonic nanostructures consisted of multilayered bottom Ag/polydimethylsiloxane (PDMS) nanostructures, an alumina middle layer, and top Ag nanoparticles (NPs). High areal density PDMS nanoprotrusions were self-organized by a simple maskless plasma etching process. The conformal deposition of alumina using atomic layer deposition and Ag deposition produced 3D plasmonic nanostructures. These structures induced multiple near-field interactions between the ultrahigh-areal-density (1400 mm The SERS signal enhancement measured at the 3D plasmonic nanostructures was 3.9 times the signal measured at the 2D multilayered structures and 48.0 times the signal measured at a Ag NP layer deposited onto a Si substrate. Finally, the 3D plasmonic nanostructures exhibited excellent uniformity with a variation of 6.8%, based on a microscale Raman mapping analysis. The excellent Raman signal uniformity can be attributed to the ultrahigh areal density of the Ag NPs and the uniform thickness of the alumina spacing layer.
Introduction
Enhancing the optical response of a plasmonic nanomaterial under incident light is essential to improving the performances in nanophotonic and plasmonic device applications, such as photovoltaics, 1 structural colour generation, 2,3 photon detection, 4 photocatalysis, 5, 6 solid-state lighting, 7, 8 and optical sensing.
9,10
The structural design and composition of a plasmonic nanomaterial may be tuned to implement unique optical properties and concentrate light over nanoscale volumes. 11 Recently, costeffective multilayered plasmonic nanostructures consisting of a multilayered smooth metal lm, a dielectric middle layer, and a top layer of metal nanoparticles (NPs), have been proposed as a means for inducing a strong optical response through the generation of localized surface plasmon resonance (LSPR). [12] [13] [14] [15] In these plasmonic nanostructures, the smooth bottom metal lm acts as a reective layer that induces near-eld coupling between the top metal NPs and their mirror image at the bottom metal layer. 16 The plasmonically active volume within which the electromagnetic (EM) eld is highly concentrated is limited in these structures due to the small number density of hot spots generated on the at 2D surface. The 2D metallic lms may be expanded into high-density 3D plasmonic nanostructures to maximize the hot spot density and enhance the near-eld interactions between plasmonic nanomaterials.
Plasma etching is a standard fabrication technique in integrated circuit (IC) manufacturing processes. In an IC manufacturing process, a sacricial dielectric pattern generated by photolithography is used as an etching mask to etch away the underlying semiconductor layer. Recently, randomly arrayed silicon nanorods were directly fabricated by plasma etching silicon without using an etching mask. 17 The resulting silicon nanorods were then used to fabricate metallic nanostructures. This maskless plasma etching process has clear advantages in that it is an easy and fast process, amenable to high-throughput fabrication, and low in process cost compared to other nanolithographic processes. However, maskless silicon etching processes yield a low areal density ($20 mm À2 ) of silicon nanopillars with a large gap distance. Therefore, capillarydriven leaning among the metal nanorods is then needed to induce near-eld enhancement.
17,18
Here, we report a new design for 3D plasmonic nanostructures with enhanced near-eld interactions among the plasmonic nanomaterials that produce a highly efficient optical response across the full visible wavelength range and sensitive Raman sensing capabilities. High areal density ($131 mm
À2
) Ag/ polydimethylsiloxane (PDMS) nanostructures were selforganized by maskless plasma etching of the smooth PDMS surface and subsequent Ag evaporation. The conformal deposition of alumina using atomic layer deposition (ALD) and Ag deposition produced the 3D plasmonic nanostructures. During the decoration of the alumina-coated 3D Ag/PDMS hybrid nanostructures with a top layer of Ag NPs, the ultrahigh areal density (1400 mm À2 ) of Ag NPs were deposited onto the top surface and the sidewalls. These structures induced multiple near-eld interactions between Ag NPs and the underlying Ag nanostructures, between the Ag NPs themselves on a single Ag bottom nanostructure, and between Ag NPs decorated onto the sidewalls of the two different adjacent structures. The ultrahigh density of hot spots across the 3D space yielded highly efficient and widely tunable plasmonic responses with a reectance amplitude dip of 0.4-1.6% across the entire visible range. The near-eld coupling generated among the high-density plasmonic nanomaterials on the 3D plasmonic nanostructures was found to be enhanced based on an analysis of the experimental SERS measurements and the theoretical simulations of the electric eld enhancement. The SERS signal enhancement measured at the 3D plasmonic nanostructures was 3.9 times the signal measured at the 2D plasmonic nanostructures and 48.0 times the signal measured at a Ag NP layer deposited onto a Si substrate. The simulations predicted that the average value of the fourth power of the electric eld enhancement at the 3D plasmonic nanostructures was 3.4 times the value at 2D multilayered structures and 38.5 times the value at the Ag NP layer on a smooth Si substrate. Finally, 3D plasmonic nanostructures exhibited an excellent Raman enhancement uniformity with standard deviation of 6.8%, based on a Raman mapping analysis. The ultrahigh density of Ag NPs and uniform thickness of alumina spacing layer allow for the excellent Raman signal uniformity.
Results and discussion
A schematic illustration of the overall process of fabricating the 3D plasmonic nanostructures is shown in Fig. 1a . First, PDMS nanoprotrusions were self-organized by maskless CF 4 reactive ion etching (RIE) of a smooth PDMS substrate. PDMS is widely used in microuidic systems because it is amenable to nanofabrication using so lithography techniques, offers good chemical resistance, and it is biocompatible, optically transparent, exible, and low in cost. [19] [20] [21] Smooth PDMS surfaces are benecial in microuidics applications because the surfaces bond more tightly and light scattering at the surfaces is low. In our experiments, we utilized PDMS nanoprotrusions to generate ultrahigh-density plasmonic nanostructures. The 50 nm thick Ag nanostructures were directly grown onto PDMS nanoprotrusions via thermal evaporation. The density of the Ag NPs and the gap size between Ag NPs were controlled by tuning the PDMS dry etching conditions (ESI, Fig. S1 †) . Aer depositing the Ag bottom layer, a 10 nm thick alumina layer was deposited onto the Ag nanostructures by ALD. ALD techniques provide conformal deposition of compound thin lms with atomic-scale thickness resolution through a self-limiting surface reaction. 22, 23 Lastly, the alumina/Ag nanostructured surfaces were decorated with Ag NPs to complete the fabrication of the 3D plasmonic nanostructures. An SEM image of the bottom Ag nanostructures formed by thermally evaporating a 50 nm Ag lm onto the PDMS nanoprotrusions over a 75 s CF 4 RIE period, is shown in Fig. 1b . The number density of Ag nanostructures was approximately 131 mm À2 (ESI, Fig. S2 †) . This number density was six times the number density generated by the maskless Si etching process 17, 18 and nanoimprint lithography. [24] [25] [26] We optimized the RIE etching conditions and found that 75 s yielded a 30 nm gap size between Ag/PDMS hybrid nanostructures; this gap size is required for the subsequent deposition of the dielectric spacing layer and Ag NPs. images of the nanostructures on the 3D plasmonic nanostructures with top evaporated Ag layer 3 nm thick were collected using eld emission transmission electron microscopy (FE-TEM), as shown in Fig. 1g . An alumina interlayer was conformally deposited onto the bottom Ag nanostructures via ALD. The excellent conformal deposition characteristics allowed the ALD-deposited alumina to be used as the optical tuning layer in the LSPR-based sensors. 27 This layer also protected the SERS substrates. 28 Interestingly, oblate elliptical top Ag NPs formed on the alumina surface due to the VolmerWeber (VW) growth of Ag on the alumina. Noble metals, such as Ag or Au, are thermodynamically driven to cluster and form 3D particles on oxide surfaces. ) 3D plasmonic nanostructures. The reected colour varied depending on the LSPR frequency. The 50 nm thick Ag nanostructures grown directly onto PDMS nanoprotrusions were characterized by their own LSPR wavelength (with a reectance dip amplitude of 6.3%) at 456 nm (black line, Fig. 2b ), whereas the 50 nm thick at Ag mirror deposited onto the smooth PDMS substrate did not generate an LSPR. Interestingly, the deposition of a 10 nm alumina interlayer and a subsequent top Ag NP layer dramatically changed the optical responses of the 3D plasmonic nanostructures (red line, Fig. 2b) . A strong resonance with a low reectance (R ¼ 0.4%) was achieved from 484 nm to 662 nm, depending on the size of the top Ag NPs. Under plasmonic resonance conditions, the EM eld was strongly enhanced and conned within both the dielectric interlayer in the plasmonic nanostructure and within the air nanogaps between top Ag NPs, leading to low reection (or high absorption). [12] [13] [14] 30 Plasmonic coupling between the metal nanostructures led to a red shi in the LSPR wavelength. These results could be explained in terms of the hybridization of plasmons, which reduced the resonance energy (red-shied the resonance wavelength). 31 The effective diameters of the top Ag NPs increased, leading to an additional red shi in the LSPR wavelength. The bandwidth of the reectance spectrum broadened as the evaporated Ag layer thickness increased due to the larger size distribution of top Ag NPs. Plasmonic nanostructures with a broad and high absorption across the full spectrum of visible light may be useful in a variety of applications, including plasmonic photovoltaics, photocatalysts, and SERS sensors. The amplitude of the reec-tance dip increased with the evaporated Ag layer thickness due to light scattering from the large top Ag NPs (green line, Fig. 2b ). Fig. 2c shows the reectance spectra of conventional 2D nanostructures prepared by decorating a 10 nm thick alumina layer and 50 nm thick Ag lm layer, supported by a at PDMS substrate, with Ag NPs (ESI, Fig. S3 † shows the surface morphologies of Ag NPs). The small Ag NPs conveyed to the 2D plasmonic nanostructure efficient optical properties with a reectance of 1.0% at 482 nm, similar to results obtained previously from 2D multilayered plasmonic nanostructures; 13 however, the optical properties deteriorated sharply as the Ag thickness increased due to the mirror-like reection and scattering from the top Ag layer.
A local EM eld enhancement due to LSPR generation provides the main mechanism underlying signal amplication in the SERS technique. 32 The ultrahigh density of hot spots in the 3D plasmonic nanostructure provided strong near-eld enhancement, suggesting that this surface may be useful as an ultrasensitive SERS substrate. The tunable LSPR properties of our 3D plasmonic nanostructures convey distinct advantages for maximizing the SERS intensities of different target molecules. The SERS signal is optimized under conditions in which the excitation laser wavelength and Stokes-shied Raman wavelength are both strongly enhanced. These conditions occur specically when the LSPR wavelength is intermediate between the excitation and Stokes-shied Raman wavelengths.
33,34
Strong SERS signals were clearly observed in a monolayer of benzenethiol (BT) molecules adsorbed onto Ag NPs of different sizes (ESI, Fig. S4 †) . The 3D plasmonic nanostructures with an LSPR peak of 456 nm (prepared with a 3 nm thick Ag NP top layer) exhibited the smallest BT SERS intensity due to mismatch between the LSPR wavelength and the wavelengths of the incident beam and Stokes-shied Raman signal. The 3D plasmonic nanostructure with an LSPR peak of 662 nm (prepared with a 7 nm thick Ag NP top layer) provided the best SERS performance, with a 632.8 nm incident laser beam. Fig. 3a presents a comparison of the SERS signals collected at the 3D plasmonic nanostructures, 2D plasmonic nanostructures, and a Ag NP layer decorating a smooth Si substrate, at an excitation laser wavelength of l ¼ 632.8 nm. The 3D plasmonic nanostructures exhibited superior SERS performances compared to the 2D plasmonic nanostructures, regardless of the size of the top Ag NPs (ESI, Fig. S5 †) . Under optimized LSPR conditions, the 3D plasmonic nanostructure prepared with a 7 nm thick top Ag layer generated a BT SERS signal that was 3.9 times the signal generated at the 2D plasmonic nanostructures and 48.0 times the signal generated at the Ag NPs layer deposited onto the Si substrate (ESI, Fig. S6 , † shows the surface morphologies of the Ag NPs deposited onto the smooth Si substrate). The electric eld distribution across the 3D plasmonic nanostructure was calculated using nite-difference time-domain (FDTD) simulations, as shown in Fig. 3b . The linearly polarized 632.8 nm plane wave illumination beam were directed onto the plasmonic nanostructures. Field enhancements were generated through the three neareld coupling effects associated with coupling (1) between top Ag NPs and the underlying Ag nanostructures, (2) between the Ag NPs themselves on a single Ag bottom nanostructure, and (3) between Ag NPs decorated onto the sidewalls of the two different adjacent structures. The 3D plasmonic nanostructures are advantageous for plasmonic coupling compared to the 2D plasmonic nanostructures in that near-eld coupling between the bottom Ag nanostructures and the Ag NPs deposited onto the sidewalls may be signicantly enhanced due to the favourable alignment parallel to the polarization direction of the incident light. This alignment effect can be veried through laterally distributed high intensity regions of alumina interlayer of 3D plasmonic nanostructures. However, 2D plasmonic nanostructure has relatively low intensity at the alumina regions, because polarization direction of incident electric eld is perpendicular to the arrangement between underlying Ag lm and Ag NPs. The average SERS signal intensity is approximately proportional to the fourth power of the local electric eld enhancement (i.e., |E| 4 Fig. 3b-d . In many cases, this approximation is a good indicator of the order of magnitude of the SERS enhancement factor (EF). 32 The average value of |E| 4 / |E 0 | 4 for the 3D plasmonic nanostructure was 3.4 times the value obtained from the 2D plasmonic nanostructure and 38.5 times the value obtained from the Ag NPs on the smooth Si substrate. Interestingly, these theoretical values agreed well with the measured SERS signals intensities. The experimental and simulation results revealed that the 3D plasmonic nanostructure offers a superior structural design for generating strong near-eld enhancement and highly sensitive SERS substrates. We found that the 3D plasmonic nanostructure exhibited excellent uniformity based on a microscale Raman mapping analysis. At an incident excitation wavelength of 632.8 nm using a 100Â objective lens (NA 0.9), the spot area was calculated to be 0.58 mm 2 . A scan step of 1 mm was chosen to avoid pixel overlap. Fig. 4a shows a 2D Raman mapping of the BT Raman peak at 998 cm
À1
. A monolayer of BT molecules were adsorbed onto 3D plasmonic nanostructure. The total number of pixels is 121 (mapping area 11 Â 11 mm 2 ). Fig. 4b shows the SERS spectra of BT measured from the rst row (pixels 1 to 11) of the Raman map. As shown in Fig. 4c and d, every pixel shows a uniform peak intensity for each Raman mode (i.e., 998, 1020 and 1070 cm
). The standard deviation (SD) for each Raman mode is less than 7.0%. We also investigated SERS signal uniformity (SD 11.4%) for a 2 mM BT-treated 3D plasmonic nanostructure (ESI, Fig. S7 †) . This value is lower than the values obtained from uniform Ag nanorod arrays (SD 14.8%) fabricated by interference lithography. 3 To the best of our knowledge, the lowest reported SD value is 4.3% at the ensemble measurement level. 35 This low value was achieved by uniform self-assembly of ultrahigh-arealdensity (10 4 mm
À2
) thiolate-treated Ag NPs. Because the SERS signal was averaged over the molecules adsorbed onto the plasmonic nanostructures, increasing the areal density of metal nanostructures is a main contributor to enhancing signal uniformity. Uniform deposition of the alumina spacing layer should also contribute to Raman signal uniformity in the 3D plasmonic nanostructures. Since 3D plasmonic nanostructures induce near-eld interactions between the top Ag NPs and underlying Ag nanostructures, a uniform interlayer thickness leads to uniform average near-eld intensity. Fig. 5 shows quantitative analysis of BT sensing on 3D plasmonic nanostructures. The SERS substrates were immersed in an 1 mL solution containing different BT concentrations (ranging from 2 mM to 20 pM) in ethanol solution for one hour. Aer removing from the BT solution, the SERS substrates were rinsed in ethanol several times and very gently blown dry with nitrogen gas. In Fig. 5a , SERS intensity of BT molecules changes and no uorescence background signal was apparent. The 0.2 nM BT solution clearly yielded these ve distinct characteristic peaks, indicating that the LOD of the SERS substrate was about 0.2 nM BT. A calibration plot with ve known concentrations ranging from 2 mM to 0.2 nM was obtained with a good correlation coefficient of 0.99 (Fig. 5b) . In the dipping method (case for BT), it's very difficult to quantify the number of adsorbed molecules contributing to the SERS signal and SERS substrates in some cases are dipped for many hours to increase the surface coverage.
To get a precise quantitative data, we used a drop and dry method using non-volatile methylene blue (MB) molecules. 5 mL aqueous solutions containing different MB concentrations were dropped onto the SERS substrates, and then SERS substrates were dried for an hour. The wetted diameter was about 4 mm. The LOD value was measured to be 1.5 nM (ESI, Fig. S8 †) . Given the detection area measured using the 50Â objective lens (1.5 mm in diameter), an 1.5 nM MB solution produces a SERS signal from 9.0 Â 10 2 MB molecules within a single eld of view.
Conclusions
In summary, we developed highly efficient 3D plasmonic nanostructures with high areal density for SERS. The near-eld enhancement of the 3D plasmonic nanostructures provided highly efficient optical responses across the full visible range, and highly sensitive and uniform SERS sensing capabilities. The 3D plasmonic nanostructures were fabricated using a simple maskless plasma treatment of the so polymer surface and subsequent deposition of metal-dielectric-metal layers.
The efficient and wavelength-tunable 3D plasmonic nanostructures have great potential for use in plasmon-mediated optical, energy and sensing applications.
Experimental

Fabrication of the 3D plasmonic nanostructures
The PDMS used throughout the study was Sylgard 184 (Dow Corning Corp.). The elastomer was mixed in a 10 : 1 ratio with its curing agent and then placed in a vacuum desiccator for 30 min to remove bubbles created during mixing. Samples were then prepared by pouring the PDMS solution into square Petri dishes, followed by curing at 90 C overnight. Smooth PDMS pretreatment was performed by exposing the PDMS surface to a CF 4 plasma in a custom-built radio frequency (RF) RIE system RIE (SNTEK, Co. Ltd) employing a 13.56 MHz capacitively coupled plasma supply. CF 4 gas was introduced into the chamber at a ow rate of 5 standard cubic centimetres per minute (sccm), and the base pressure was kept constant at 8 Â 10 À2 Torr while the RF power was maintained at 100 W in each experiment. PDMS nanoprotrusions were generated by the CF 4 RIE. Ag nanostructures were directly grown on the PDMS protrusions using a thermal evaporation system (SNTEK, Co. Ltd) with a deposition rate of 2.2Å s
À1
. A thin alumina spacer layer was formed on the Ag nanostructures at 100 C using an ALD system [Lucida M100, NCD]. Trimethyl aluminum (TMA, Al 2 (CH 3 ) 6 ) and deionized water vapour were used as the aluminum precursor and oxygen source, respectively. The temperature of the TMA source was maintained at 10 C using a cooling circulator. The canister containing the water source was maintained at room temperature. During deposition, argon gas was continuously owed through the reaction chamber at a rate of 100 sccm. The growth rate was 1.4Å per cycle, and 70 cycles resulted in the deposition of a 9.8 nm Al 2 O 3 layer onto the Ag nanostructures. Finally, the top Ag NPs were deposited onto the alumina surfaces using a thermal evaporation system, which completed the 3D plasmonic nanostructures. The nominal thickness of the Ag was monitored using a quartz crystal oscillator.
Measurements and characterizations
The reectance spectra of the 3D plasmonic nanostructures were measured using spectrometers (Ocean Optics, USB4000) attached to an optical microscope (Nikon, L150) with a 10Â objective lens. The reected light from the 3D plasmonic nanostructure was collected through the same objective lens and analyzed by the spectrometer. The light reected from the smooth silver mirror was measured as a reference. The normalized reectance spectra of the plasmonic nanostructures are shown in Fig. 2b and c. The SERS measurements were performed by immersing the substrates in a solution containing 2 mM benzenethiol (BT) in ethanol for one hour. Aer removing from the BT solution, the SERS substrates were rinsed in ethanol several times and very gently blown dry with nitrogen gas. For quantitative measurement of BT, the SERS substrates were immersed in an 1 mL solution containing different BT concentrations (ranging from 2 mM to 20 pM) in ethanol solution for one hour. Since BT is highly volatile, the glass Petri-dish should be sealed during BT treatments. Aer removing from the Petri-dish, the SERS substrates were rinsed in ethanol several times and very gently blown dry with nitrogen gas. SERS measurements were collected using a Raman microscope (Horiba Jobin Yvon) equipped with a spectrometer and a thermoelectrically cooled charge coupled device (CCD). The excitation laser had a wavelength of l ¼ 632.8 nm and the power impinging upon the sample was 0.45 mW. A 50Â objective lens with NA ¼ 0.5 was used to focus the excitation laser onto the sample and collect the scattered Raman signals. The uniformity of the Raman signal was obtained from the BT-treated 3D plasmonic substrate. A 100Â objective lens was used for the Raman mapping. The Raman mapping area was 11 Â 11 mm 2 , and the beam was stepped in 1 mm steps. The surface morphologies were characterized by eld emission scanning electron microscopy (FE-SEM; Jeol JSM-6700F). High-resolution cross-sectional image of the 3D plasmonic nanostructures were collected using eld emission transmission electron microscopy (FE-TEM; Jeol JEM-2100 HR).
FDTD simulation
The 3D plasmonic nanostructures were simplied in the simulations by assuming that the bottom Ag nanostructures formed spheres 60 nm in diameter. A 10 nm thick alumina lm conformed to the bottom Ag nanostructures. Top Ag NPs were randomly distributed across the alumina surface and were modelled as hemispherical in shape. The Ag NP sizes and the nanogaps (less than 10 nm) between Ag NPs were held constant for all three plasmonic substrates (the 3D and 2D plasmonic nanostructures and the Ag NPs on the Si substrate). The linearly polarized 632.8 nm plane wave illumination beam were directed onto the 3D plasmonic nanostructure. The refractive index of alumina was set to 1.7659, and the dispersive and lossy nature of the silver was modelled using the auxiliary differential equation method applied to the Drude model. The unit pixels were 0.83 nm in size. The SERS enhancements from the three for the 3D plasmonic nanostructure was obtained from the values measured across 642 pixels, whereas 450 pixels are used to calculate the value on the 2D plasmonic nanostructure and Ag NPs on the Si substrate.
